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Abstract
Background: Arsenic (AS) is a heavy metal pollutant in water that has been known as one of the 
most important environmental contaminants due to its serious effects on both human health and the 
environment. This study was conducted to investigate the efficiency of calcined Co/Fe/Al LDH@Fe3O4@
PA as a new magnetic bio-sorbent for AS removal from the polluted water.
Methods: At first, magnetic ternary calcined layered double hydroxide (Co/Fe/Al LDH) was synthesized 
through co-precipitation procedure. The synthesized CLDH was modified with phenylalanine amino 
acid, named CLDH@Fe3O4@PA. Infrared spectroscopy, X-ray diffraction, transmission, and field 
emission scanning electron microscopy (FESEM) were used to confirm the synthesis of the sorbent. The 
removal time, pH, and the sorbent dose were studied and optimized as the effective parameters on the 
As (V) removal. 
Results: The XRD, FTIR, TEM, SEM, EDS, and VSM techniques confirmed the properties of the 
synthesized magnetic bio-sorbent. Based on the optimization study, pH=6, the sorbent concentration of 
30 mg, and the removal time of 5 minutes were considered as the optimum conditions with about 91% 
AS removal. The Langmuir isotherm with higher R2 value was matched well with the obtained results, 
and values obtained for qm and RL were 167 mg g–1 and 0.976 to 0.993, respectively. The kinetics studies 
were fitted well with the linear pseudo-first-order model with higher R2 at sorption process.
Conclusion: The real samples results confirmed the excellent As (V) sorption capacity of the synthesized 
magnetic bio-sorbent in comparison with other sorbents. Therefore, CLDH@Fe3O4@PA sorbent is 
introduced as a new suitable sorbent for removal of As (V) from the polluted water.
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Introduction 
Arsenic (As) is a heavy metal present in the ecosystem, 
particularly in the groundwater in the forms of arsenite (As 
(III)) and arsenate (As (V)). As (III) is more mobile and 
toxic, therefore, its removal from water is not easy (1,2). AS 
is observed in the wastewater of the industrial emissions, 
mining industry, combustion of fossil fuels, agricultural 
pesticides and herbicides. Water contamination with AS 
is a serious global environmental challenge threatening 
some countries, such as the USA, China, Canada, Mexico, 
Argentina, Bangladesh, India, and etc. The long-term use 
of AS-polluted water may lead to some types of serious 
diseases and cancers. For this reason, the World Health 
Organization (WHO) has determined the value of 10 µg 
L−1 as the acceptable concentration of AS in drinking water 
(3). Therefore, different procedures, such as ion exchange, 
adsorption, precipitation, and membrane techniques have 
been studied for AS removal from aqueous solutions, 
among which, adsorption technique is more popular and 
practical, cost-effective, easy to use, which has a good 
efficiency (1-3). Different adsorbents have been studied 
for As removal, such as hydroxides and oxides of iron(III) 
(1,3-5), hydroxides and oxides of aluminum (1,6), activated 
carbon (7), chitosan (8,9), activated alumina (10), zinc 
oxide (1,11), biosorbent (9,12), layered double hydroxides 
(LDHs) (13-19), and magnetic Fe3O4-graphene (20). 
LDHs are known as inorganic compounds which have a 
structure similar to clays. LDHs have wide applications in 
the adsorption/separation or removal, electrochemistry, 
optical, medical, drug or gene carriers, catalysis, and 
composite materials (18,21,22). The structure of LDHs is 
based on the brucite-like layers with positive charge in the 
sheets and negative charge in the interlayer spaces. 
In the interlayer spaces, different types of organic/
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inorganic anions can be interchanged with the present 
anions. Thus, they can be used as good ion-exchangers 
and adsorbents (21,22). These materials have large surface 
area, desirable thermal stability, low cost, and high anion 
exchange capacity, attracting the attention of researchers 
as a proper sorbent for removing heavy metals including 
AS, lead, selenium, cadmium, copper, chromium, zinc, 
and antimonate from aqueous solutions (13,17,23,24). 
Furthermore, LDHs have been used as a sublayer to place 
nanoparticles, such as Fe3O4, silver, graphene, and TiO2 in 
order to increase the function of materials (17,18).
The separation and recycling of nano-scaled LDHs as a 
sorbent from liquid phases is very difficult. However, with 
the creation of magnetic properties (Fe3O4 nanoparticles) 
in these materials, they can be separated easily from the 
aqueous solutions using a strong magnet (17,25). In fact, 
the magnetic property can remove the need for long 
centrifuge step, thus, it saves time.
The adsorption or removal of different materials or ions 
by LDHs has been studied. Huang et al modified an LDH 
with EDTA and bamboo biomass for Cr+6 removal from 
aqueous solutions (26). Asiabi et al prepared different 
LDHs modified with the diphenylamine-4-sulfonate 
for the highly selective removal of the heavy metals. 
Also, they synthesized an Ni/Al LDH intercalated with 
zwitterionic glycine for the removal of As, Cr, and Se (27). 
Hu and O’Hare recommended the synthesis of belt-like 
Mg-Al LDHs modified using tri-block copolymers (28). 
Xu et al synthesized hierarchical flower-like glycerol-
modified Mg2Al-Cl LDH microspheres for adsorbing 
methyl orange (29). In addition, the modified Fe3O4@
MCM@Cu–Fe–LDH nanoparticles was synthesized for 
the removal of alizarin yellow in our previous study (30). 
LDHs have been reported as AS sorbents in some studies 
(13,15-19,31-34). 
Recently, biosorbents with more compatibility have been 
studied and some biological materials, such as drug 
molecules, vitamins, peptides, and porphyrins have been 
intercalated to LDHs layers (24,32,33). As an interesting 
group of amino acids, biomaterials have amine (-NH2) and 
carboxyl (-COOH) functional groups, enabling them to 
link to the LDHs layers. In fact, the intercalation of amino 
acids into the layers of LDHs changes the properties of 
LDHs. Since, some amino acids and AS acids have possible 
similarity, arsenate or arsenite ions in aqueous solutions 
can be exchanged with amino acid molecules (13,16,24). 
However, the intercalation of LDHs with phenylalanine 
has not been reported up to now. 
The aim of this study was to synthesize a magnetic ternary 
calcined Co/Fe/Al layered double hydroxide (CLDH@
Fe3O4), via the co-precipitation method and intercalated 
with phenylalanine amino acid (PA) as a magnetic bio-
sorbent. The surface morphology, the crystalline and the 
chemical structure of the sorbent were characterized using 
Fourier-transform infrared (FTIR), X-ray diffraction 
(XRD), field emission scanning electron microscopy 
(FESEM), transmission electron microscopy (TEM), 
energy-dispersive x-ray spectroscopy (EDX), and element 
mapping. The effective parameters in As (V) removal 
were evaluated.
Materials and Methods
FeCl3.6H2O, FeCl2.4H2O, CoCl2.6H2O, Al (NO3)3.9H2O, 
sodium hydroxide (NaOH), L-phenylalanine amino 
acid (PA), ammonia solution (25% wt), toluene, ethanol 
(96%), n-propanol, and toluene (C7H8) were purchased 
from Merck (Darmstadt, Germany). AS standard solution 
(1000 ppm) and tetraethyl orthosilicate (TEOS) were 
purchased from Sigma-Aldrich (St. Louis, MO, USA). The 
As (V) standard stock solution (100 mg L-1) was prepared 
by diluting AS standard solution. 
Synthesis of calcined Co/Fe/Al layered double hydroxide 
nanoparticles
Ternary Co/Fe/Al LDH sorbent was synthesized using co-
precipitation method (16). Firstly, NaOH solution (1 mol 
L-1) was added very slowly to 20 mL deionized water until 
pH reached 9.5. Then, 1.23 g (0.13 mol) CoCl2.6H2O, 1.03 
g (0.13 mol) FeCl2.4H2O, and 1.95 g (0.13 mol) Al (NO3)3 
were dissolved in 40 mL deionized water and added drop 
by drop into the solution under intense stirring. The pH 
of solution was held at 9.5−10.0 by drop-wise increasing 
the NaOH solution (1 mol L-1) at 80°C. Then, the obtained 
slurry was refluxed in a round-bottom flask at 70°C under 
vigorous stirring for 1 h. The obtained slurry was aged 
at 70°C for 24 h. Finally, the obtained precipitate (Co/Fe/
Al LDH) was centrifuged and washed with the deionized 
water until pH of the solution reached 7. The synthesized 
LDH was dried at 50°C for 12 h and calcination was 
performed at 500°C for 3 h by furnace in air atmosphere, 
leading to an increase in the porosity of the Co/Fe/Al LDH 
(35). The calcined material was signed as CLDH.
Synthesis of Fe3O4@SiO2
Fe3O4 nanoparticles were synthesized by the in-situ 
chemical co-precipitation method (34). Briefly, FeCl2.4H2O 
and FeCl3.6H2O were dissolved in the deionized water. 
Afterwards, ammonia was added and heated at 80°C for 
1 h. The magnetic Fe3O4 nanoparticles were washed and 
covered with a thin layer of SiO2 microspheres by the sol-
gel procedure. In brief, 17 mL TEOS was added drop-wise 
to the mixed solution of deionized water and n-propanol 
at ratio 1:2 and also Fe3O4 nanoparticles at 38°C under 
argon atmosphere and intense stirring at 38°C for 17 h. 
Finally, after being washed with deionized water and 
ethanol, Fe3O4@SiO2 nanoparticles were dried at 75°C. 
Synthesis of CLDH@Fe3O4
To prepare CLDH@Fe3O4 nanoparticles, both synthesized 
CLDH (2 g) and Fe3O4@SiO2 (1 g) were added into 50 
mL mixed solution of toluene and ethanol (1.5:1 v/v) 
and ultrasonicated for 30 min. Then, the suspension was 
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stirred at 70°C for 24 h. Afterwards, the CLDH@Fe3O4 
was filtered and washed with deionized water and dried 
at 40°C overnight.
Modification of CLDH@Fe3O4 with Phenylalanine
At first, 0.2 g phenylalanine was dissolved in pre-boiled 
and cooled deionized water and the solution pH was 
adjusted at 9.5-10 by NaOH solution (1 mol L-1). Then, 
the synthesized CLDH@Fe3O4 was dispersed in 50 mL 
deionized water at 70°C and added drop-wise to the 
phenylalanine solution. The mixture was refluxed at 70°C 
for 24 h. Afterwards, the obtained CLDH@Fe3O4@PA was 
washed with the deionized water and dried at 50°C.
Arsenic removal tests
Effective parameters including pH, sorbent dosage, and 
removal time were studied for the removal of AS. For this 
purpose, 20 mg of CLDH@Fe3O4@PA sorbent was added 
into 25 mL of As (V) standard solution and sonicated for 
5 minutes. Then, the separation of the sorbent from the 
solution was performed by a magnet and the residual As 
(V) value in the solution was obtained using polarography 
method. Finally, the As (V) removal percentage (R%) was 
calculated using Eq. (1).
R% =
C0 − Ce
C0
× 100  
 
                                                                   (1)
where, C0 and Ce (mg L-1) are the As (V) ions initial and 
residual concentrations in the solution, respectively.
Instruments
The As (V) removal measurements were carried out 
using a polarography apparatus (884 Professional 
VA, Metrohm: Swiss). The morphology and particle 
size of the synthesized sorbent were analyzed by a 
transmission electron spectroscopy (TEM, Philips, 
CM 120, Netherlands) and a field emission scanning 
electron microscopy (FESEM, VEGA3, TESCAN, Czech 
Republic). The pH measurements were performed using 
a digital pH meter (Mettler Toledo, M225, Switzerland). 
The chemical composition of the biosorbent was specified 
by an energy dispersive X-ray spectroscopy (SIRIUS 
SD, scientific instrument, the United Kingdom). The 
synthesized sorbent was characterized by the X-ray 
diffraction over the 2θ ranging from 10 to 80° using Cu 
Kα radiation technique (X’Pert PRO MPD, PANalytical 
Company, Netherlands, λ =1.54060 A°). The magnetic 
properties of synthesized sorbent were investigated by a 
vibrating-sample magnetometer (VSM) (AGFM/VSM 
3886 Kashan, Iran) in the range of −8000 to 8000 Oe at 
room temperature. The FTIR spectra of the sorbent were 
recorded by the Bruker Vertex 70 in the frequency range of 
400-4000 cm-1. An ultrasonic bath (50/60 Hz, 350W) was 
applied for dispersing the materials in solutions (Euronda, 
Eurosonic 4D, 320 V, Italy).
Results
Structural study
FTIR studies
The FTIR spectra of Co/Fe/Al LDH, CLDH, Fe3O4@SiO2, 
CLDH@Fe3O4, Phenylalanine, and CLDH@Fe3O4@PA 
samples shown in Figure 1 (a-f) were in the range of 400-
4000 cm–1. 
The Co/Fe/Al LDH FTIR spectrum is presented in Figure 
1a. The broad peak at about 3430 cm-1 was ascribed to the 
O-H groups stretching vibration, which was connected to 
the interlayer water molecules in the brucite-like layers. 
Also, the bending vibration of interlayer water molecules 
(H-O-H) was observed at 1673 cm-1 (13,16,17). The 
hydroxide groups belonged to the synthesized LDH and 
water molecules present in the interlayer. The peaks in the 
region of 500–800 cm−1 were ascribed to the stretching 
vibration of metal–oxygen bonds, Co-O, Al–O, and Fe-O 
(13,16,17). In addition, the mentioned peaks was observed 
in the calcined LDH sample (Figure 1b), but their intensity 
decreased.
The wide band in Figure 1c at 3450 cm−1 was attributed 
to the stretching vibration of absorbed O–H group on 
Fe3O4 nanoparticles. As shown in Figure 1, this peak was 
observed at all spectra, showing a number of O-H groups 
was present on the samples surface. The broad peak in 
Figure 1c at about 1100 cm−1 was ascribed to the stretching 
vibration of Si-O-Si groups, which were located on the 
Fe3O4 nanoparticles surface and observed in the FTIR 
spectrum of CLDH@Fe3O4 (Figure 1d). In addition, the 
peaks at 590 and 640 cm-1 were ascribed to the vibration 
of Fe-O bond in Fe3O4 nanoparticles, which was present in 
the spectra of samples including Fe3O4. 
In Figure 1d, all mentioned peaks for CLDH (Figure 
1b) and Fe3O4@SiO2 (Figure 1c) were observed for 
the synthesized CLDH@Fe3O4. The FTIR spectra of 
L-phenylalanine amino acid are demonstrated in Figure 
1e. The sharp peak at about 3200 cm-1 was related to 
asymmetric NH stretching and the stretching vibration of 
COO- occurring at 1480 cm-1, confirming the existence of 
amine and carboxyl groups in phenylalanine. The bands at 
3050 and 2908 cm-1 confirmed the stretching vibration of 
CH and CH2 groups. Also, the stretching vibration of C=C 
was seen at 2080 cm-1. The bands at 1490 and 1450 cm-1 
indicated corroborated the anti-symmetric and symmetric 
stretching of C=O functional group. The stretching 
vibration of C-C bond was appeared at 1120 and 1193 
cm-1. The vibration of benzene ring occurred at about 706 
cm-1. Furthermore, the peak at 1045 cm-1 confirmed the 
stretching vibration of C-N group in phenylalanine. The 
peaks at 880 and 564 cm-1 were related to the substituted 
aromatic ring distribution (36,37). 
Finally, the FTIR spectra for CLDH@Fe3O4@PA 
sorbent and all peaks mentioned for CLDH@Fe3O4 
and phenylalanine amino acid samples are presented in 
Figure 1f.
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X-ray diffraction studies
The XRD patterns of ternary LDH, Fe3O4@SiO2, and 
CLDH@Fe3O4 are presented in Figure 2 (a-c). The specified 
diffraction peaks corresponding to the hydrotalcite 
structure of Co/Fe/Al LDHs (Figure 2a) are observed at 
2θ=11.6° (003), 23° (006), 34° (012), 38° (015), 45° (018), 59° 
(110), and 62° (113) (16). 
Magnetic Fe3O4 nanoparticles indicated diffraction peaks 
(Figure 2b) with 2θ of about 18° (111), 32° (220), 36° (311), 
44 (400), 54° (422), 58 (511), and 64° (440) as the specified 
peaks of the Fe3O4, which are matched well with the XRD 
pattern of the standard Fe3O4 nanoparticles in literature 
(JCPDS card No. 74-0748).
In Figure 2c, the XRD pattern of synthesized CLDH@
Fe3O4 is recorded, all observed peaks for Fe3O4@SiO2 and 
Co/Fe/Al LDH samples are presented, and the formation 
of CLDH@Fe3O4 sorbent is approved. 
Also, VSM analysis was done to confirm the magnetic 
properties of the synthesized sorbent with a field between 
−8000 and 8000 Oe at room temperature, and the results 
are shown in Figure 3.
TEM, FESEM, and EDS studies 
The surface morphology, elemental analysis, and 
dispersion of elements in the synthesized sorbent were 
investigated using TEM and FESEM images, EDS, and 
mapping images. The TEM images of the CLDH@Fe3O4@
PA are demonstrated in Figure 4. It was found that the 
nanosheets of LDH and Fe3O4 nanoparticles of the sample 
were in the plate- and spherical-like shapes, respectively. 
According to the TEM images, the average length of the 
LDH nanosheets and their thickness were approximately 
35 and 10 nm, respectively.
In addition, the FESEM images of Co/Fe/Al LDH 
(Figure 5a) and CLDH@Fe3O4 (Figure 5b) nanoparticles 
are presented in Figure 5. Co/Fe/Al LDH had a layered 
structure and the presence of magnetic Fe3O4 nanoparticles 
caused the agglomeration of LDH nanoparticles on the 
sorbent (Figure 5b). The EDS spectra of the nanosorbent 
are displayed in Figure 5c. The existence of Fe (8.14 A%), 
Co (8.32 A%), Al (14.11 A%), Si (1.13 A%), and O (68.3 
A%) elements was confirmed by the EDS analysis in the 
nanosorbent structure (Figure 5c). Moreover, the obtained 
results of EDS mapping image are shown in Figure 5d, 
indicating that all mentioned elements were distributed 
in a very regular and uniform pattern in the nanosorbent 
(Figure 5d).
Figure 1. FTIR spectra of the synthesized (a) Co/Fe/Al LDH, (b) C-LDH, (c) Fe3O4@SiO2, (d) CLDH@Fe3O4, (e) Phenylalanine, and (f) CLDH@Fe3O4@PA 
samples.
Figure 2. XRD patterns of the synthesized (a) Co/Fe/Al LDH, (b) Fe3O4@
SiO2, and (C) CLDH@Fe3O4 samples. Figure 3. VSM analysis of the synthesized sorbent.
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Discussion
Optimization of removal conditions
In order to gain the maximum removal yield, pH of the 
solution, the sorbent concentration, and sorption time 
as the effective parameters in removal experiments were 
investigated and optimized. In all experiments, 25 mL 
aqueous standard solutions of AS with a concentration of 
60 μg L–1 were applied.
Generally, the solution pH is one of the important 
parameters, which affects the AS adsorption by influencing 
the adsorption efficiency. Actually, the pH of solution can 
affect both ionic or molecular forms of the analyte (the AS 
species) and the sorbent surface charge (zeta potential of 
the sorbent).
To investigate the effect of pH on the AS sorption by the 
CLDH@Fe3O4@PA sorbent, various pH values from 2.0 
to 12.0 were tested. NaOH or HCl solutions were used 
to adjust the pH of solution. Figure 6a demonstrated the 
effect of pH on the As (V) removal in the aqueous solution. 
According to Figure 6a, the As (V) removal percentage 
increased with increasing pH from 2.0 to 6.0, then, 
it was decreased. So, the optimum pH was found to be 
6.0, since the removal percentage reached the maximum 
level at this pH value, given the fact that at acidic pH, 
LDH and Fe3O4@SiO2 were dissolved and the structure of 
sorbent was destroyed. In addition, in the solution with 
higher pHs, the hydroxide precipitate of As (V) ions was 
formed and competition between OH− and As (V) ions 
for the adsorption on the surface of the sorbent occurred 
(15,38). Considering the pH-dependent behavior of AS 
adsorption on the synthesized sorbent, the adsorption 
process seemed to be controlled by different factors, such 
as electrostatic interactions and surface adsorption. 
Studies have shown that LDH is stable at pH between 6 and 
10 (39). When pH arises, LDH decomposes to M(OH)2, 
and subsequently, to MO where M is a metal (40). At pH 
lower than 4, the dissolution of LDHs occurs (41). The 
thermal decomposition of LDH takes place at 150C in 
the solution and at 250°C at a solid state in air (40). At 
higher temperatures, thermal decomposition takes place. 
According to literature, the corresponding LDH stabilities 
are in the order Mg < Mn < Co < Ni < Zn for M(II) and Al 
<Fe for M(III) (42).
In order to realize the adsorption mechanism, the pH of 
zero-point charge (pHPZC) of the synthesized CLDH@
Fe3O4@PA sorbent was determined (Figure 6b). The 
electrical charge density on the surface of the sorbent at 
pHPZC was zero. The pHPZC of the synthesized sorbent was 
7.25, lower than the pHPZC. The surface of the sorbent 
had a positive charge, while over this amount (pH > 
7.25), the surface of the sorbent had a negative charge. 
Arsenate (As (V)) species have different forms in the 
different solutions with different pHs including H3AsO4 
(pH<2), H2AsO4– (pH: 2-7), HAsO42– (pH: 7-11), and 
AsO43– (pH>12) (43). When pH increased from 2.0 to 6.0, 
the number of H2AsO4– ions increased and the surface 
of the sorbent carried a positive charge (pH<pHPZC), 
thus, it could absorb the arsenate anions due to attractive 
electrostatic effects, finally, resulting in higher removal 
percentage in comparison to lower pH values. In addition, 
the structure of the synthesized sorbent was destroyed at 
lower pH values, leading to low removal percentage of 
arsenate. However, the removal percentage enhanced with 
an increase in the pH up to 6. The removal percentage was 
decreased at pH values higher than 6, which is attributed 
Figure 4. TEM images of the synthesized CLDH@Fe3O4@PA sorbent: (a) 
low magnification, (b) high magnification.
Figure 5. FESEM images of the synthesized (a) Co/Fe/Al LDH, (b) 
CLDH@Fe3O4 samples, (C) EDS analysis for CLDH@Fe3O4 sample, and 
(d) images of element mapping analysis of Co, Fe, and Al in Co/Fe/Al LDH 
sample.
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to the neutral and negative surface charge of the sorbent. 
Therefore, the mechanism of arsenate adsorption on 
the synthesized magnetic bio-sorbent was based on the 
electrostatic interactions. 
At pH > 6, the surface of the sorbent was negatively 
charged and the concentration of HAsO42– in the solution 
increased. So, there was no interaction between arsenate 
and sorbent. The results showed that the removal 
percentage of arsenate decreased with increasing the 
solution pH. Finally, pH 6.0 was selected as the optimum 
pH with the removal percentage of 91% for arsenate 
species.
The effect of sorbent concentration on the removal 
percentage of arsenate was studied using 10-70 mg 
sorbent. The obtained results are presented in Figure 
6c. As can be seen in this figure, the removal percentage 
increased from 60 to 89%, when the sorbent concentration 
increased from 10 to 30 mg, probably because of the 
increase in the accessible sites and the sorbent surface 
area. There was no considerable changes in the removal 
percentage of arsenate by increasing the sorbent dose 
(more than 30 mg). In fact, there was an equilibrium state 
between arsenate adsorption and desorption (44). Thus, 
the optimum concentration of the sorbent was 30 mg for 
the subsequent experiments.
The removal time is another effective factor in the 
adsorption experiments, which depends on the 
interaction between the analyte and the sorbent. In order 
to investigate the effect of removal time on the removal 
percentage of AS by the synthesized CLDH@Fe3O4@PA 
sorbent, removal times between 1.0 and 25.0 minutes 
with other experimental conditions were selected as the 
optimum values. The associated results are shown in 
Figure 6d. Actually, As (V) removal percentage increased 
with increasing the removal time, and then, reached 
the maximum value at 5 minutes. Then, the removal 
percentage remained constant with increasing time, which 
could be justified by this fact that at times over 5 minutes, 
saturation stage was created and based on the equilibration 
process, arsenate desorption/adsorption repeated again 
and the removal percentage remained constant. Based on 
the results, the time of 5.0 minutes was considered as the 
optimum removal time.
Adsorption isotherm
Adsorption isotherm was applied to explain the interaction 
between the sorbent and analyte. The adsorption isotherm 
models, such as Langmuir and Freundlich isotherms were 
used for fitting the adsorption equilibrium data of As (V) 
on the synthesized sorbent. In the Langmuir isotherm, 
the monolayer adsorption happens on the specific sites of 
the sorbent surface, which are the same and tantamount. 
Furthermore, the homogeneity of the adsorption is 
expressed by the Langmuir isotherm, meaning that the 
activation energy and adsorption enthalpy are constant 
Figure 6. (a) The effect of pH on As (V) removal by CLDH@Fe3O4@PA 
sorbent, (b) pHPZC of synthesized magnetic bio-sorbent, (c) the effect of 
sorbent value, and (d) removal time on the As (V) removal by CLDH@
Fe3O4@PA sorbent.
for each molecule. The linear and non-linear forms of the 
Langmuir model are shown as the following equations 
(Eqs. 2 and 3) (45):
Ce
qe
=  
Ce
qmax
+
1
kLqmax
(linear)  
 
                                                                                                (2)
qe =  
KLqmaxCe
1 + KLCe
( non − linear) 
 
                                              (3)
where, KL is the Langmuir isotherm constant related to the 
binding affinity points and the strength of adsorption (L 
mg–1), Ce is the equilibrium concentration in the aqueous 
solution (mg L–1), qmax is the maximum adsorption 
capacity (mg g–1), and qe is the equilibrium adsorption 
capacity (mg g–1). The qmax and KL values were obtained 
from the slope and intercept of plot of Ce/qe versus Ce, 
respectively, (Figure 7), and the results are presented in 
Table 1. Also, a parameter named separation factor (RL) 
could be predicted as the favorability (0 < RL< 1) or un-
favorability (RL> 1) of an adsorption system. This factor is 
calculated according to Eq. 4 (30,46):
                                                                                                (4)RL =
1
1 + KLC0
 
 Where, C0 is the various initial As (V) concentrations and 
the calculated RL values ranged 0.976 to 0.993, and the 
results indicated that the adsorption process was favorable. 
The Freundlich isotherm expresses that the surface of 
sorbent is heterogeneous and the adsorption sites do not 
have the same energy distribution. Also, Freundlich model 
is useful for the amorphous surfaces (30). The linear and 
non-linear forms of Freundlich isotherm are presented 
using Eqs. 5 and 6 (47):
 
logqe = +
1
n
logCe + logKF(linear)                                         (5)
qe =  KFCe
1/n(non − linear)                                                 (6)
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where KF and n are the Freundlich constants, which give 
the information about the maximum adsorption capacity 
(mg g–1) and surface heterogeneity, respectively. If the 
1/n value gets closer to zero (between 0 and 1), it shows 
that the heterogeneity of surface increases (n > 1). Also, 
the adsorption process is chemisorption if 1/n >1 (n<1) 
(45). In other words, the adsorption would be favorable 
if 1 < n < 10. The values of n (2.49) and KF (46.80) were 
calculated from the plot slope and intercept of logqe versus 
logCe (linear model), respectively. However, the Langmuir 
qmax and KF value of Freundlich isotherm for the As (V) 
removal by CLDH@Fe3O4@PA nanosorbent were 167 
and 46.8 mg g–1, respectively. The Langmuir R2 values 
(linear R2= 0.9957 and non-linear R2 0.8780) were higher 
in comparison with Freundlich model (linear R2= 0.9605 
and non-linear R2= 0.9436) (Table 1), indicating that the 
Langmuir model was fitted well with experimental data 
rather than Freundlich model for desirable As (V) removal 
by the synthesized nanosorbent.
The results of comparison of qm, R2, and KL for the linear 
and non-linear forms of Langmuir isotherm showed that 
the linear form of Langmuir isotherm was the appropriate 
isotherm for the As (V) adsorption on the surface of 
CLDH@Fe3O4@PA nanosorbent. The R2 values and other 
isotherm parameters are presented in Table 1.
Adsorption kinetics
In this study, kinetics tests were performed by sonicating 
the synthesized magnetic bio-sorbent (30 mg) into 25 mL 
As (V) standard solution (60 µg L−1) at the optimum pH of 
6 and removal time in the range of 5 to 25 minutes at 25°C.
The pseudo-first-order and pseudo-second-order kinetic 
models were applied to explain the adsorption kinetics 
of As (V) on CLDH@Fe3O4@PA sorbent (48). The linear 
form of this model is presented as Eq. 7:
Figure 7. Linear plots of Langmuir model for As (V) removal by the 
synthesized magnetic bio-sorbent at 25°C.
Table 1. Parameters of different isotherms for the As (V) removal on 
CLDH@Fe3O4@PA sorbent
Isotherms Parameters R2
Langmuir (linear)
qm (mg g–1) 167
0.9957KL  (L mg–1) 0.304
RL range 0.976-0.993
Langmuir (Non-linear)
qm (mg g–1) 174.9 0.8780
KL  (L mg–1) 0.244
Freundlich (linear)
1/n 0.401
0.9605n 2.494
KF  (mg g–1) 46.80
Freundlich 
(Non-linear)
1/n 0.436
0.9436n 2.29
KF  (mg g–1) 43.62
log(qe − qt) = logqe −
K1
2.303
t                                                    (7)
where K1 is the rate constant of the pseudo-first-order 
model, qt is the sorbent adsorption capacity (mg g-1) at time 
t (min), and qe is the adsorption capacity of the sorbent at 
equilibrium time (mg g-1). The slope and intercept of the 
linear plot of log (qe-qt) versus time (Figure 8a) is used for 
the calculation of the K1 value and estimated qe (from the 
curve).
Also, the pseudo-second-order model was applied for 
analyzing the kinetic behavior in the adsorption process 
and its linear form is obtained using Eq. 8 (49):
t
qt
=  
1
K2  qe2
+ 
1
qe
t                                                                                                     (8)
where K2 is the rate constant of the pseudo-second-order 
adsorption model (g mg–1 min–1).
The obtained R2 values for the pseudo-first-order 
(Figure 8a) and pseudo-second-order model (Figure 
8b) were 0.9768 and 0.95, respectively. According to the 
kinetics parameters and R2 values presented in Table 2, 
the experimental data were matched well with the linear 
pseudo-first-order model and described the kinetic of 
adsorption process logically.
Analysis of real samples
To evaluate the matrix effects on the As (V) removal, the 
tab water of Karaj, Iran, was used as the real sample and 
Table 2. The parameters of the pseudo-first-order and pseudo-second-order kinetic for removal of As (V) by CLDH@Fe3O4@PA sorbent
Temperature (°C)
Lagergren pseudo-first-order kinetics Pseudo-second-order kinetics
qe (mg g–1) K1 (g mg–1 min–1) R2 qe (mg g–1) K2 (g mg–1 min–1) R2
25 72.5 0.07 0.9768 5.2 0.036 0.95
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spiked with various concentrations of As (V) standard 
solution. The final As (V) concentrations in water samples 
are presented in Table 3. After removal at the optimum 
conditions, the residual As (V) values were determined 
and the removal percentage was calculated (Table 3). The 
removal percentages for three samples ranged from 87.5 
to 95%. The results obtained from the three replicate tests 
on the real samples demonstrated that the synthesized 
sorbent can be used as an appropriate sorbent for As (V) 
removal from the contaminated water. So, the selectivity of 
the synthesized adsorbent was investigated to calculate the 
As removal in the presence of Pb(II), Cd(II), and Fe (II). 
The selectivity experiments showed that the synthesized 
adsorbent had high selectivity for As removal.
Comparison of CLDH@Fe3O4@PA sorbent with other 
sorbents for As (V) removal 
The performance of CLDH@Fe3O4@PA sorbent in 
comparison with other sorbents for As (V) removal is 
listed in Table 4. The obtained results demonstrated that 
the synthesized sorbent had a significant performance 
for As (V) removal in comparison to other sorbents. 
Therefore, CLDH@Fe3O4@PA sorbent can be introduced 
as a new suitable sorbent for removal of As (V) from the 
polluted water.
Conclusion
In this study, the AS removal from the contaminated water 
using CLDH@Fe3O4@PA as a new magnetic bio-sorbent 
was investigated. The effective parameters on the AS 
removal were explored and optimized. According to the 
results, under optimum conditions (pH= 6, sorbent dose= 
30 mg, and removal time= 5 minutes), the AS removal 
percentage was about 91%. In addition, the adsorption 
behavior of AS on the synthesized sorbent was investigated 
by the Langmuir and Freundlich isotherms. The results 
obtained were matched well with the Langmuir isotherm, 
so that the values for qm and RL were obtained to be 167 
mg g–1 and 0.976 to 0.993, respectively, indicating that the 
As (V) adsorption on the sorbent surface was desirable. 
Furthermore, the real sample analysis showed that the 
synthesized sorbent could remove As (V) ions from the 
contaminated water. In fact, this sorbent exhibited fast, 
cost-effective, and easy As (V) removal from the AS-
contaminated water. 
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Figure 8. Linear plots of (a) pseudo-first-order kinetic and (b) pseudo-
second-order kinetic.
Table 3. Analysis of the spiked real samples with different concentrations 
of As (V) (n=3)
Sample C
initial 
(mg.L–1) C
final 
(mg.L–1) Removal (%) RSD% (n=3)
1 0.02 0.001 95 4.64
2 0.04 0.0034 91.5 4.57
3 0.06 0.0075 87.5 4.42
Table 4. Comparative evaluation of different adsorbents with CLDH@
Fe3O4@PA sorbent for As (V) removal
Adsorbent qmax(mg.g–1) Ref
Mesoporous alumina and Fe-doped 
alumina 62 (10)
Starch modified Mg/Al LDH 5.987 (15)
Magnetic LDH nanocomposites 82.31 (16)
Mg-Fe-Ala-LDH 23.6 (17)
Mg–Al-NO3 LDH (Mg/Al = 4) 76.92 (19)
Chitosan-magnetic-graphene oxide 
nanocomposite 45 (20)
CLDH@Fe3O4@PA 167 This study
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